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Perceptual evaluation of violin radiation
characteristics in a wave field synthesis system
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Leonie Böhlke and Tim Ziemer
Systematic Musicology, University of Hamburg, Hamburg, 20354, GERMANY; 
leonieboehlke@gmx.de; tim.ziemer@uni-hamburg.de
A method to synthesize the sound radiation characteristics of musical instruments in a wave 
field synthesis (WFS) system is proposed and tested. Radiation patterns of a violin are measured 
with a circular microphone array which consists of 128 pressure receivers. For each critical 
frequency band one exemplary radiation pattern is decomposed to circular harmonics of order 0 
to 64. So the radiation characteristic of the violin is represented by 25 complex radiation 
patterns. On the reproduction side, these circular harmonics are approximated by 128 densely 
spaced monopoles by means of 128 broadband impulses. An anechoic violin recording is 
convolved with these impulses, yielding 128 filtered versions of the recording. These are then 
synthesized as 128 monopole sources in a WFS system and compared to a virtual monopole 
playing the unfiltered recording. The study participants perceive the tone color of the recreated 
virtual violin as being dependent on the listening position and report that the two source types 
have a different 'presence'. The test persons rate the virtual violin as less natural, sometimes 
remarking that the filtering is audible at high frequencies. Further studies with a denser spacing 
of the virtual monopoles and a presentation in an anechoic room are planned.
© 2017 Acoustical Society of America [DOI: 10.1121/2.0000524] 






There have been a number of studies on the measurement and reconstruction of sound radiation 
characteristics of musical instruments over time using a variety of methods. Possibly the most 
comprehensive and still relevant reference works have been written by Meyer (see e.g. [1], [2]). Here, the 
radiation patterns of instruments were measured using a turntable, an exciter, and a microphone [1]. Other 
studies used techniques like microphone arrays to capture the radiation patterns of instruments. Notable 
papers on instrument directivity, that utilized this method have been written by Cook, Trueman, Essl & 
Tzanetakis [3], who used 12 microphones, Pätynen, Pulkki & Lokki [4], who installed 20 microphones in 
a dodecahedron shape and Hohl [5], who used a 64 channel microphone array to capture the three-
dimensional radiation patterns. Then again, the reconstruction of directivity patterns in terms of 
auralization has been investigated by Otondo & Rindel [6]. In addition Jacques, Albrecht, Melchior & de 
Vries [7] and Corteel [8] used radiation patterns of musical instruments in regards to wave field synthesis 
(WFS) approaches.  
In the aforementioned studies, radiation characteristics of musical instruments are measured with 
relatively few microphones. Even a setup with 64 microphones in a spherical arrangement does not 
contain microphone pairs which are as close to each other as a human listener's ears. This means that 
neither of the methods gathers information about interaural coherence, interaural level differences or 
phase differences. These are, however, known to be important for the perception of source extent ([9], p. 
299ff.). In the present study, 128 microphones are employed in a circular array to measure the sound 
radiation characteristics of a violin, including interaural sound differences. The radiation characteristics 
are then implemented in a WFS system by synthesizing 128 virtual monopole sources whose spatial 
superposition resembles the sound field of a real violin. It is investigated how the implementation of the 
radiation characteristics influences the perceived sound. 
2. THEORETICAL BACKGROUND 
Most musical instruments do not radiate sound in all directions with the same intensity. Instead, they 
exhibit to a greater or lesser extent directional effects in their sound radiation. The sound pressure's 
dependence on direction is referred to as directional or radiation characteristic of the instrument ([2], p. 
129). The following section provides a short introduction of the measuring and the reconstruction of these 
characteristics. 
A. MEASURING OF RADIATION CHARACTERISTICS 
Directional characteristics of musical instruments can be captured within the far field of a sound 
source ([10], p. 156). Thereby, measurements are often carried out by using a microphone array in the far 
field of the instrument in a free field room as it has been shown in various studies ([11], p. 50). 
Microphone arrays are spatial arrangements of multiple microphones and are used to record sound fields 
in terms of the sound pressure distribution. They are often organized in several types of geometries such 
as circles, planes or spheres. The idea behind this is that many microphones 'hear' more than only one or 
two microphones and that with more information collected the analysis and reconstruction of a sound 
field becomes easier. Here, circular and spherical arrays are most important because they are a natural 
choice when it comes to simple sound field recording around a source ([12], p. 1179ff.).  
B. RECONSTRUCTION OF RADIATION CHARACTERISTICS 
WFS is a spatial sound field reconstruction method that makes use of several loudspeakers to produce 
a virtual auditory scene over a large listening area ([13], p. 1). Hereby, it is attempted to create a sound, 
which is physically equal to a natural sound or any desired wave field ([14], p. 352). The theory behind 
WFS implies that a wave front, created by a sound source of any form and extent, can be regarded as a 
sum of single or elementary waves, which originate in point sources on this wave front. By superposition 
these waves form an advanced wave front, which is identical to the original wave front. If sound pressure 
and sound particle velocity are known for each point of a boundary of a closed, source free volume, then 
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the sound pressure for each point within this volume can be calculated. Thus, any sound field can 
theoretically be reconstructed by an infinite number of loudspeakers. The original sound source is then 
recreated as a virtual sound source ([14], p. 353). With WFS dry signals, i.e., signals that are captured in 
an anechoic room, and spatial properties, e.g., impulse responses of a certain room or radiation 
characteristics of a sound source, are transmitted to the loudspeakers separately. Thereby, the dry signal is 
convolved with the spatial properties. An almost realistic copy of the original signal is created ([14], p. 
355). 
3. CONDUCT, RESULTS AND ANALYSIS OF THE STUDY 
The radiation characteristics of a violin have been recorded, simplified and stored in a database. A 
violin piece is then played in a WFS system, including the stored radiation characteristics of the violin. A 
listening test is carried out to evaluate the resulting sound. A virtual monopole source in the WFS system 
acts as a reference signal. In the following the conduct, the results and the analysis of the study are 
described. 
A. CONDUCT OF THE STUDY 
The sections below encompass the recording, the analysis and the reconstruction of the violin's 
directional characteristics. Furthermore, the description and execution of the listening test are illustrated, 
which is done in order to find out how the implementation of the patterns in a WFS system influences the 
perception of the sound of the instrument. 
i. Recording of the radiation characteristics of the violin 
The recording of the violin's radiation characteristics is done with a circular microphone array. It 
comprises 128 omnidirectional electret microphones M1 to M128 with a frequency range from 20 Hz to 
20,000 Hz and it is installed horizontally in a free field room, to keep ambient noise and room reflections 
as small as possible. The radius of the array is 1 m, providing one microphone every 2.8°, which complies 
with a distance of 0.05 m between neighboring microphones. The violinist is placed with the head in the 
center of the array Q, facing the first microphone M1. The corresponding angle is 0. Then the violin is 
played naturally, i.e., it is not artificially driven, so that the recording contains the acoustical shadow 
caused by the body of the musician ([11], p. 84 and p. 154). The violinist plays several single notes (C5, 
C6, D4, E4, E5, G4, G5) on different strings of the violin to cover the whole frequency range of the 
instrument. It is played without remarkable articulation, tremolo, crescendo or vibrato to assure a rather 
stationary radiation pattern. All microphones record two seconds of the signals simultaneously, which are 
digitalized with a sample rate of 48,000 Hz and a sample depth of 24 bit. The first second contains silence 
caused by a short reaction time of the violinist and the transient phase of the sound. But the latter is not 
taken into consideration since spectrum and radiation may change rapidly during the transient state. The 
recording yields M = 128 time series, that are described by p(rm,t). Here, rm is the position vector of the 
mth microphone in polar coordinates. It comprises the distance r and the horizontal angle  as the third 
dimension, the polar angle , is neglected. It is given by 
 
    
  
   
   
  (1) 
and m = 0,...,M  1 ([11], p. 85, [15], p. 2). A Fourier transform for each of the microphone recordings is 
then made, to analyze the measured data.  
ii. Analysis and reconstruction of the measured radiation characteristics 
To reconstruct the measured radiation characteristics of the violin it is required to first analyze these 
patterns. Therefore, a discrete Fourier transform (DFT) over one second of quasi-stationary sound for 
each recording p(rm,t) is done, transforming them from time domain to spectral domain. The results are 
M = 128 complex spectra, this means one spectrum per microphone recording, and are given by 
L. Böhlke and T. Ziemer Perceptual evaluation of violin radiation characteristics
Proceedings of Meetings on Acoustics, Vol. 30, 035001 (2017) Page 3
 
 
                    . (2) 
These are regarded as the discretely sampled radiation characteristics (,). Together with the free field 
Green's function, (,) can be used to propagate a violin's spectrum to any distance for the 128 
measured angles ([16], p. 4). Here, P(rm,) consists of 24,000 complex amplitudes below the temporal 
aliasing frequency, i.e., up to this number radiation patterns could be determined. Yet, in order to keep an 
overview and to keep the calculations manageable, the number of patterns should be limited to a 
minimum. While, for instance, Otondo & Rindel [17] use octave bands and average the directivities of all 
partials within that octave, Pätynen & Lokki [18] use octave and one-third octave bands. In addition, Hohl 
[5] and Zotter [19] analyze individual partials and do not average frequency regions. In this study the 
recorded data is condensed by means of fixed frequency bands corresponding to the bark scale, which is 
an approach that is also applied in Ziemer [11].  
As instruments often tend to radiate frequencies within the same range in a similar way, it should be 
sufficient to select one radiation pattern per critical band, which has the unit bark. These critical bands are 
considered appropriate since it is supposed that only the loudest frequency within a critical band can be 
heard by a listener. Other frequencies are masked within the bands (see e.g. [20], p. 123f.). If so, one 
radiation pattern per critical band is enough to psychoacoustically describe a whole radiation 
characteristic for a frequency range even though several radiation patterns are existent ([11], p. 86). 
Hence, in accordance with the frequency range of the violin 15 critical bands are selected for further 
investigations. As the violin has a pitch range from G3 to G7, the corresponding frequencies range from 
196 Hz to 3,136 Hz ([20], p. 163). This leads to the selection of the critical bands 2 to 16. But as no 
usable data is measured for the lowest frequency, the 2nd critical band has to be left out for the time 
being. Furthermore, also the 16th critical band and all following bands have to be omitted due to the fact, 
that the used WFS system is not able to synthesize these high frequencies absolutely correct. Thus, only 
the critical bands 3 to 15 are used to analyze the radiation characteristics of the violin.  
In light of the preceding explanations, after transforming every single recording from time to spectral 
domain, each recording is analyzed with regard to its loudest, i.e., dominant frequencies. Then the 128 
measured complex amplitudes of one dominant frequency are assigned to the associated critical band, so 
these amplitudes represent the radiation pattern of a whole frequency region. As a result, 13 radiation 
patterns are determined for the violin, which are visualized by polar diagrams as shown in Figure 1. 
 
Figure 1. Polar plots of three different sample radiation patterns. 
The violinist is facing the angle  = 0° (0 or 2). With these patterns some similarities to the findings 
of other studies (see e.g. [2], [18]) become obvious. For instance, up to 396 Hz the radiation of the 
measured violin can be assumed omnidirectional. For higher frequencies, starting at 1,000 Hz, a tendency 
towards the front of the instrumentalist can be observed, whereby the maxima are distributed in a 
relatively broad area between 90° (/2) and 270° (3/2). 
After measuring and analyzing the radiation characteristics (,) of the violin, the amplitudes per 
frequency are stored in a database. Then the angles between the discrete microphone positions are 
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determined. While in other studies, e.g., linear interpolation is used to approximate these angles (see e.g. 
[16]), another approach is adopted here. The measured and indirectly sampled1 (,) can also be 
decomposed to a finite number of circular harmonics to get a complex radiation factor for all angles and 
not only the discrete microphone angles [16]. This method is used here. The (,) are decomposed into 
circular harmonics by 
               
   
         , (3) 
where the nth order circular harmonic Wn = Âein has an amplitude Â and an orientation angle . Here, 
n = 0,1,...,127 is the order of the harmonic and m = 0,1,...127 is the microphone number. A decomposition 
of a 'spatial frequency' into circular harmonic radiators with a maximum order of 32 is thus done. The 
circular harmonics are still complex and by determining their real and their imaginary part it is possible to 
obtain any desired orientation of the radiator. Higher order radiators can be regarded as combinations of 
inversely phased monopoles located at infinitesimal distances from one another ([11], p. 82). This means, 
e.g., a dipole (n = 1) consists of two polarity-reversed monopoles (n = 0), that lie close together. For each 
critical band a table is obtained and stored, which consists of the associated circular harmonics, i.e., their 
proportion, orientation and polarity. These again are merged together to the final radiation patterns of the 
violin (,), whereby additional tables are created, that encompass all relevant amplitudes for the 
critical bands. Now any source signal can be multiplied by these radiation characteristics. For this purpose 
the source signal has to be filtered according to the critical bands, i.e., the signal is split into 13 individual 
signals, each consisting only of the frequencies for the corresponding band. The signals are then 
multiplied with the analyzed amplitudes so that 128 single signals are determined for each band.  
The last step in this connection is the recreation of the full band signal. Here, the 128 violin signals of 
each band are added together, which means each of the 128 microphone recordings becomes a full band 
signal again. But for this also the low frequencies (critical bands 1 and 2) and the high frequencies 
(critical band 16 and the following), that are excluded up to this point, have to be considered. These 
frequencies are included again by just adding the corresponding filtered source signals, i.e., one signal, 
that contains the low frequencies and one signal, that contains all high frequencies, to each of the 128 
recordings. Thus, after editing the original recording there is not only one violin signal anymore but it is 
transformed into 128 signals, that differ slightly due to decomposition. Finally, these 128 densely-spaced 
monopole sources with individually weighted spectra are synthesized in a WFS system. 
iii. Description and execution of the listening test 
The determined radiation characteristics of the violin are examined in a listening test in order to find 
out how the implementation of the patterns in a WFS system changes the perception of the sound of the 
instrument. For this purpose, further recordings of the violin are carried out, that are done with one large-
diaphragm condenser microphone in a free field room to keep out background noise and reverberation. 
The microphone is installed in 1 m distance at head height and in front of a violinist, who plays 15 short 
compositions and is instructed to behave as usual. This means the instrumentalist is allowed to make 
movements, but no turn around, and to play with articulation, tremolo, vibrato and the like. The 
recordings are digitalized with a sample rate of 44,100 Hz and a sample depth of 24 bit. Afterwards the 
violin signals are edited in accordance to the above-explained procedure. This leads to 128 single violin 
signals for each of the 15 compositions, which can be played back in a WFS system. 
The listening test is carried out in a reverberant room, where the WFS system is installed. The 
construction consists of 36 loudspeaker modules, which are disposed in a rectangle, including 288 audio 
channels (8 per module) with a distance of 10 cm between them. With the WFS system it is possible to 
reproduce 128 virtual sound sources at once, which is important for the study at hand ([21], p. 8 and p. 
13ff.). The reconstructed virtual source comprising of 128 circularly arranged point sources, each with a 
radius of 45 cm, is positioned in one corner of the loudspeaker arrangement. It should be noted that the 
                                                     
1 (,) is indirectly sampled as the positions of the microphones are discrete.  
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virtual violinist is facing the corner which means that the source points outwards and not towards the 
listening area.  
Only one edited violin piece is selected for the test, which is supposed to be compared to the original 
recording which is synthesized as a virtual monopole source. Here, 63 seconds of a composition of Oskar 
Rieding are played first via mono and second with the presented editing technique with the measured 
radiation characteristic of the violin. In order to perform a comparison a questionnaire is developed, 
where the edited version is checked against the original recording on the basis of several properties. For 
this purpose 12 qualities are taken from the Spatial Audio Quality Inventory (SAQI), which is intended to 
be a consensus vocabulary for the perceptual assessment of virtual acoustic environments or of spatial 
audio technology in general ([22], p. 5). The SAQI is deemed appropriate as its 48 perceptual qualities, 
which are generated by a group of 21 experts for virtual acoustics, are assumed to be of practical 
relevance when comparing (re)synthesized sound fields to real or imagined references or amongst each 
other ([23], p. 984). 
The listening test is done by 25 study participants, who attend in groups of 2 to 3 or individually. 
They are free to move in the listening area and listen to the signals as often as they want to. The 
participants are asked to rate the auditive qualities by giving it a scale value. The seven-point rating scales 
vary between bipolar and unipolar scale types, depending on the property. Furthermore, all scale end 
labels are constructed in order to semantically express an increase of the property, when reading the scale 
from left hand to right hand ([22], p. 9). Most scales are supplemented by an additional evaluation 
possibility, where it can be indicated, whether a property changes with the listening position of the 
participant in the room or not. 
B. RESULTS 
To begin with, each auditive quality is evaluated individually with respect to the corresponding 
frequencies of the responses. Then correlations between the tested auditive qualities are described. 
iv. Evaluation in terms of frequencies 
The most important auditive quality, that is tested, is the existence of a noticeable difference between 
the two violin signals in general. The listening test reveals, on this occasion, that all study participants 
perceive a difference.  
Furthermore, to check if there is a difference in terms of the tone color, different auditive qualities are 
included in the questionnaire. The first of these qualities is 'tone color bright - dark', which refers to a 
difference in high-frequency and low-frequency components between the two signals. The test persons 
tend to rate the edited violin signal as darker than the virtual monopole source; sometimes, however, the 
opposite trend can be observed. Nearly half of the participants state a dependence of this quality on the 
position in the room. 
The next considered auditive quality regarding the difference in tone color is 'roughness'. It is tested 
whether the test signal is perceived rougher than the reference signal or not. The response frequencies 
indicate a less rough perception of the edited signal. Furthermore, with respect to the difference in tone 
color, the quality 'comb filter coloration' is tested, too. This property is considered as tonal coloration, i.e., 
a 'hollow' sound that sounds similar to speaking through a tube ([23], p. 988). Most test persons state that 
the edited signal exhibits a more pronounced comb filter coloration than the original signal.  
Additional auditive qualities are included in the questionnaire to examine the virtual sound source in 
terms of its 'geometry' and 'localizability'. The first property to be mentioned with respect to the geometry 
of the source is 'distance', which refers to the distance between the virtual source and the listener. The 
majority of the participants state that the test signal seems to come from a source slightly further away 
than the reference signal. Furthermore, half of the test persons specify the quality to be dependent on the 
listening position. 
In addition, three more properties are added to the survey concerning the geometry of the virtual 
sound source. These are 'depth', 'width' and 'height' and are examined together as they form a set of 
qualities. The edited virtual sound source is determined by the study participants as slightly deeper and 
wider, but less high than the monopole source. And finally, when it comes to the 'localizability' of the 
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source, most test persons state that the edited virtual source is more difficult to localize than the sound 
source of the original signal. 
To the considerations outlined above insights on some more qualities are added, which are deemed to 
be useful for the study. The considered qualities include, e.g., 'spatial resolution of tones'. This quality is 
not taken from the SAQI. It is added because an impression of single notes coming from different 
directions was received in a test run. It is conspicuous that for this property similar results are received to 
those that are obtained for the localizability, i.e., most study participants indicate the test signal to possess 
a lower spatial resolution of tones compared to the original signal.  
The next examined quality is 'naturalness'. The test signal is checked against how realistic a test 
person estimates the perceived test signal compared to the original signal. Here, more than the half of the 
participants state the edited signal as being less natural than the virtual monopole. The test signal is also 
checked against a difference in 'presence', which means a difference in the perception of 'being-in-the-
scene' or of 'spatial presence' ([23], p. 990). Interestingly, while most study participants indicate the edited 
source as being less present, also some participants indicate it as being slightly more present.  
v. Evaluation in terms of correlations 
The Pearson Coefficient rP is calculated for all auditive qualities, whereby only such coefficients are 
considered that reveal meaningful findings to the study. The used significance level  is set to 0.05 for all 
calculations. In view of the quality 'tone color bright - dark' there is a strong positive correlation of 
rP = 0.55 with the quality 'localizability'. That is a subject, who perceives the test signal as darker than the 
reference signal, usually also perceives the edited source as more difficult to localize and vice versa. 
Thus, the data imply, that there is a relationship between 'tone color bright - dark' and 'localizability'.  
Furthermore, the auditive quality 'comb filter coloration' correlates negatively with the two qualities 
'localizability' (rP = 0.45) and 'spatial resolution of tones' (rP = 0.52). It follows from this, that 
participants, who estimate the comb filter coloration of the test signal as being more pronounced, 
generally find it more difficult to localize the virtual violin and/or state a less pronounced spatial 
resolution when comparing the two violin signals.  
Some of the most striking results in this connection are obtained in terms of the geometry of the 
edited sound source. The perceptual qualities 'depth', 'width' and 'height' are all positively correlated with 
each other. The Pearson Coefficient rP is 0.63 with regard to the correlation between 'depth' and 'width', 
0.52 with regard to the correlation between 'depth' and 'height' and 0.52 with regard to the correlation 
between 'width' and 'height'. From this it is suspected, that if the participants estimate the edited source to 
be deeper, they usually also estimate it wider and/or higher and vice versa. Therefore, connections 
between the three qualities are assumed. In case of the 'width' there is also a strong negative correlation 
with the quality 'localizability' (rP = 0.51), indicating, that test persons, who state the edited sound 
source as being wider simultaneously estimate it as more difficult to localize.  
Yet, with 'localizability' there is another auditive property positively correlated, which is the 'spatial 
resolution of tones' (rP = 0.56). This strong correlation implies that participants, who assess the edited 
source more difficult to localize, are likely to estimate the spatial resolution of single tones less 
pronounced and the other way round. This would make sense as a not well-pronounced spatial resolution 
indicates a more diffuse sound, and thus leads to a poor localizability.  
When regarding the qualities 'naturalness' and 'presence' it is revealed, that they are positively 
correlated. That is, between 'naturalness' and 'presence' the Pearson Coefficient rP is 0.48. As these 
findings imply, it might be reasonably assumed that study participants, who estimate the perceived 
naturalness of the stimulus signal as lower also state, that the presence of the virtual source is lower. 
vi. Discussion on the findings 
In the light of the foregoing, it becomes obvious, that the processing of the violin signal according to 
the described method has an enormous influence on its perception. Between the edited signal and the 
virtual monopole not only a general difference can be observed, but also various differences with regard 
to, e.g., the tone color, the perceived geometry and localizability of the virtual sound source or the 
naturalness.  
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From the findings it is assumed, that the edited signal is perceived darker, less rough, and that it 
exhibits a bit more pronounced comb filter coloration than the monopole reference signal. The reason for 
the darker perception of the edited violin signal may be partly seen in the processing procedure as, e.g., 
single frequencies of the original signal get lost or some frequencies are particularly pronounced due to 
the decomposition and reconstruction of the signal. This may lead to the darker tone color of the stimulus 
as it possibly contains a higher proportion of low frequencies. But an even more important reason for the 
darker perception of the edited violin signal can be put down to the radiation patterns of the violin in 
general. As radiation patterns of high violin frequencies are narrow and directive, they do not radiate into 
the whole listening area. In contrast, radiation patterns of low violin frequencies tend to radiate 
omnidirectional. This results in a dependence of the tone color on the listening position in the room. 
Therefore, an explanation for the darker perception may be the orientation of the virtual violin. As it is 
pointing away from the listening area, it causes a darker tone color due to the acoustical shadow of the 
instrumentalist's body. And the fact that some test persons perceive the edited signal rather brighter than 
darker, in contrast to most of the participants, is reducible to their listening position. This suggests that the 
reconstruction of the sound radiation characteristics of the violin has been close to a real or rather natural 
violin when it comes to the tone color distribution of the instrument. This can also be seen as the 
explanation for the less rough perception of the edited violin signal. Roughness is a quality which occurs 
when perceived frequencies lie close together but differ slightly from each other. Especially high 
frequencies are affected by this as the distance needs to be greater than between lower frequencies to 
avoid this effect ([20], p. 121). Therefore, as the high frequencies are less pronounced when it comes to 
the virtual violin, it is a logical consequence that it is perceived less rough just as it would be the case 
with a real violin. 
Hence, only the more pronounced comb filter coloration of the edited violin signal may to be 
resulting from the processing procedure and/or the reverberant room. The latter reason can be explained 
by two equal sound events that reach the listener separately causing a distortion of the frequency response 
of the signal ([20], p. 137). Both explanations are possible.  
In addition, it can be concluded, that the geometry and localizability of the edited violin signal are 
less assessable. The majority of the participants state that the test signal seems to come from a source 
slightly further away than the reference signal and that the quality 'distance' is dependent on the listening 
position. This is a rather realistic phenomenon; it is natural that single notes of musical instruments tend 
to be localized at slightly different locations because their deviant radiation characteristics create slightly 
different interaural level and phase differences and differently colored reflections. Furthermore, the 
virtual violin is perceived deeper and wider and it is therefore not that easy to localize. This outcome can 
be traced back to the applied method as it was suspected that the implementation of a more detailed 
radiation pattern in a WFS system increases the perceived extension of the virtual source. Of course, 
spatial interferences must be considered a reason for this outcome in part, too, since the test room is 
reverberant. The interferences can affect the perception of distances and spatial depth and may lead to a 
masking of the virtual source ([14], p. 357). Moreover, the findings on the geometry of the virtual source 
allow conclusions to be drawn regarding the 'localizability' of the source. As it is stated by Lindau et al., if 
the localizability of a sound source is low, its spatial extent is difficult to estimate, whereby for high 
localizability the opposite holds. This means that a low (high) localizability is often related to a high (low) 
perceived extent of the sound source ([23], p. 989). These discoveries also apply to the study at hand. The 
edited virtual source is more difficult to localize than the sound source of the original signal. Most 
participants estimate the source to be deeper and wider. This corresponds to a high perceived extent and 
thus a low localizability of the source.  
The poor perception of the 'spatial resolution of tones' of the edited violin signal is considered a result 
of the implementation of the radiation characteristics in the WFS system, too. As the virtual violin is more 
difficult to localize and seems to have a deeper and wider extent, a poorer resolution of the tones is a 
result which was to be expected.  
Additionally, the findings reveal a lower perceived naturalness of the edited signal, and that the edited 
sound source is less present to a listener. These outcomes may result from the processing procedure and 
spatial interferences as, e.g., filter effects and reflections can lead to a lower naturalness in the perception 
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of the edited signal and/or a less pronounced presence of the source. But apart from this, the less 
pronounced presence can also be traced back to the orientation of the virtual violin. This is a desired 
result as it shows characteristics of a real violin.  
4. CONCLUSION AND PROSPECTS  
In this study a method to synthesize the sound radiation characteristics of musical instruments in a 
WFS system is proposed and tested. The approach comprises the measuring, storage and analysis of 
violin tones in terms of their individual radiation patterns per given critical band, the decomposition of 
these patterns into circular harmonics, and the reconstruction of these circular harmonics by means of 
proximately distributed virtual monopole sources in a WFS system. The method is examined with regard 
to its impact on the perception of the recreated virtual violin by carrying out a listening test.  
From the aforementioned findings, it is concluded, that the developed processing procedure and its 
application in the WFS system influences the perceived violin sound strongly. By comparing the virtual 
violin signal including the measured radiation characteristics with a virtual monopole, it is shown that the 
recreated virtual violin shows strong similarities to a real violin. For example it sounds darker and less 
rough, wider, deeper and the location is less distinct. The sound distinctly varies with the position of the 
listener. The lower presence compared to the virtual monopole may be the result of the violin facing away 
from the listener, or it is due to a less natural timbre, or audible artifacts. Unfortunately, the massive 
signal processing seems to be audible: comb filter effects are perceived which may result from the 
bandpass filtering, phase inversions and the uncontrolled spatial superposition of frequencies other than 
the loudest frequency of each critical band. Also a lower naturalness has been reported. Some findings are 
considered as parallels to a real violin, just as it is intended. Other findings can be traced back to 
shortcomings of the study, like the too reverberant room. 
Furthermore, interesting aspects are obtained in terms of correlations between the tested auditive 
qualities. There are detected relationships, which include negative and positive correlations, e.g., between 
the geometric qualities. 
Deficiencies of the study may be, e.g., imperfections of the processing procedure and spatial 
interferences within the test room. Furthermore, the orientation of the virtual violin is not appropriate, it 
should be turned around. Finally, it is to be noted, that the number of test persons is small, which makes it 
arguable whether the results are representative (see e.g. [24], p. 9), and that there is an uncertainty about 
the spatial precision of the WFS system. The latter case relates to the radius, which is used for the 
arrangement of the 128 point sources. As the distance between the polarity-reversed monopoles has to be 
small in comparison to , it is questionable, if the chosen radius of 45 cm is adequate. This means, it 
cannot be said whether 45 cm are small compared to, e.g.,  = 90 cm (380 Hz) or even small compared to 
 = 50 cm (686 Hz). Additional research would be helpful. 
To overcome these deficiencies and to gain more data, it could be reasonable to repeat the listening 
test, that is carried out. As an example, it is conceivable, that a change of the testing room, a higher 
number of study participants and/or the use of other musical instruments' radiation characteristics, may 
lead to different results. Furthermore, future listening tests could be performed, with regard to the spatial 
precision of the WFS system. This means, the point sources are put together as close as possible to ensure 
that combinations of inversely phased monopoles can still be seen as higher order radiators up to the 
spatial aliasing of the WFS system which lies around 1,000 Hz.  
ACKNOWLEDGMENTS 
This study benefited from the support of Georg Hajdu, Hochschule für Musik und Theater Hamburg 
(HfMT), who gave access to the WFS system of the HfMT and provided valuable input to the undertaking 
of the research. Furthermore, the study was assisted by Malte Nogalski, Hamburg University of Applied 
Sciences (HAW Hamburg), who shared his expertise in the use of the WFS system. 
L. Böhlke and T. Ziemer Perceptual evaluation of violin radiation characteristics





[1]  J. Meyer, "Directivity of the Bowed Stringed Instruments and Its Effect on Orchestral Sound in Concert Halls," 
The Journal of the Acoustical Society of America 51(6), 1972, pp. 1994–2009.  
[2]  J. Meyer, Acoustics and the Performance of Music. Manual for Acousticians, Audio Engineers, Musicians, 
Architects and Musical Instrument Makers, 5th ed., Springer, Bergkirchen, 2009.  
[3]  P. Cook, G. Essl, G. Tzanetakis and D. Trueman, "N>>2: Multi-speaker Display Systems for Virtual Reality 
and Spatial Audio Projection," Proceedings of the International Conference on Auditory Display (ICAD), 
Glasgow, 1998.  
[4]  J. Pätynen, V. Pulkki and T. Lokki, "Anechoic Recording System for Symphony Orchestra," Acta Acustica 
United With Acustica, vol. 94, 2008, pp. 856–865.  
[5]  F. Hohl, Aufbau eines 64-kanaligen Kugelmikrofonarrays zur Abstrahlungsanalyse, Master’s Thesis, Institut 
für Elektronische Musik und Akustik, Kunstuni Graz, Technical University Graz, Graz, 2009.  
[6]  F. Otondo and J. H. Rindel, "A New Method for the Radiation Representation of Musical Instruments in 
Auralizations," Acta Acustica United With Acustica, vol. 91, 2005, pp. 902–906.  
[7]  R. Jacques, B. Albrecht, F. Melchior and D. de Vries, "An Approach for multichannel Recording and 
Reproduction of Sound Source Directivity," 119th Audio Engeneering Society Convention, New York, 2005, 
Convention Paper 6554. 
[8]  E. Corteel, "Synthesis of Directional Sources Using Wave Field Synthesis, Possibilities, and Limitations," 
EURASIP Journal on Advances in Signal Processing, vol. 2007, 2007.  
[9]  T. Ziemer, "Source Width in Music Production. Methods in Stereo, Ambisonics, and Wave Field Synthesis," in 
Studies in Musical Acoustics and Psychoacoustics. Current Research in Systematic Musicology, vol. 4, A. 
Schneider, Ed., Springer, Cham, 2017, pp. 299–340. 
[10]  J. Meyer, "Musikalische Akustik," in Handbuch der Audiotechnik, S. Weinzierl, Ed., Springer, Berlin, 
Heidelberg, 2008, pp. 123–180. 
[11]  T. Ziemer, Implementation of the Radiation Characteristics of Musical Instruments in Wave Field Synthesis 
Applications, Doctoral Thesis, University of Hamburg, Hamburg, 2016.  
[12]  R. Bader, "Microphone Array," in Springer Handbook of Acoustics, 2nd ed., T. Rossing, Ed., Springer, 
Heidelberg, London, New York, 2014, pp. 1179–1207. 
[13]  S. Spors, R. Rabenstein and J. Ahrens, "The Theory of the Wave Field Synthesis Revisited," 124th International 
Audio Engeneering Society Convention, Amsterdam, 2008, Convention Paper 7358.  
[14]  G. Theile, "Wellenfeldsynthese," in Handbuch der Tonstudiotechnik, 8th ed., vol. 1, M. Dickreiter, V. Dittel, 
W. Hoeg and M. Wöhr, Ed., De Gruyter Saur, Berlin, Boston, 2014, pp. 352–363. 
[15]  T. Ziemer and R. Bader, "Complex point source model to calculate the sound field radiated from musical 
instruments," Proceedings of Meetings on Acoustics (POMA) 25(1), 2015, Paper 5aMU7.  
[16]  T. Ziemer and R. Bader, "Implementing the Radiation Characteristics of Musical Instruments in a 
Psychoacoustic Sound Field Synthesis System," 139th International Audio Engeneering Society Convention, 
New York, 2015, Convention Paper 9466.  
[17]  F. Otondo and J. H. Rindel, "The Influence of the Directivity of Musical Instruments in a Room," Acta Acustica 
United With Acustica, vol. 90, 2004, pp. 1178–1184.  
[18]  J. Pätynen and T. Lokki, "Directivities of Symphony Orchestra Instruments," Acta Acustica United With 
Acustica, vol. 96, 2010, pp. 138–167.  
[19]  F. Zotter, Analysis and Synthesis of Sound-Radiation with Spherical Arrays, Ph.D. Thesis, University of Music 
and Performing Arts, Graz, 2009.  
[20]  A. Friesecke, Die Audio-Enzyklopädie: Ein Nachschlagewerk für Tontechniker, 2nd ed., De Gruyter Saur, 
Berlin, Boston, 2014.  
[21]  M. Makarski, A. Goertz, R. Thaden and J. Kleber, Entwicklung einer WFS-Anlage mit FIR-Entzerrung und 
Dante Audionetzwerk. TMT 2012, Köln, 2012.  
L. Böhlke and T. Ziemer Perceptual evaluation of violin radiation characteristics
Proceedings of Meetings on Acoustics, Vol. 30, 035001 (2017) Page 10
 
 
[22]  A. Lindau, A Spatial Audio Quality Inventory (SAQI). Test Manual. V1.2, TU Berlin, 2015.  
[23]  A. Lindau, V. Erbes, S. Lepa, H.-J. Maempel, F. Brinkman and S. Weinzierl, "A Spatial Audio Quality 
Inventory (SAQI)," Acta Acustica United With Acustica, vol. 100, 2014, pp. 984–994.  





L. Böhlke and T. Ziemer Perceptual evaluation of violin radiation characteristics
Proceedings of Meetings on Acoustics, Vol. 30, 035001 (2017) Page 11
